In the human body, 50-70 billion cells die every day, resulting in the generation of a large number of apoptotic bodies. However, the detailed biological role of apoptotic bodies in regulating tissue homeostasis remains unclear. In this study, we used Fasdeficient MRL/lpr and Caspase 3 −/− mice to show that reduction of apoptotic body formation significantly impaired the self-renewal and osteo-/adipo-genic differentiation of bone marrow mesenchymal stem cells (MSCs). Systemic infusion of exogenous apoptotic bodies rescued the MSC impairment and also ameliorated the osteopenia phenotype in MRL/lpr, Caspase 3 −/− and ovariectomized (OVX) mice. Mechanistically, we showed that MSCs were able to engulf apoptotic bodies via integrin αvβ3 and reuse apoptotic body-derived ubiquitin ligase RNF146 and miR-328-3p to inhibit Axin1 and thereby activate the Wnt/β-catenin pathway. Moreover, we used a parabiosis mouse model to reveal that apoptotic bodies participated in the circulation to regulate distant MSCs. This study identifies a previously unknown role of apoptotic bodies in maintaining MSC and bone homeostasis in both physiological and pathological contexts and implies the potential use of apoptotic bodies to treat osteoporosis.
INTRODUCTION
Apoptosis is programmed cell death involving distinct cell shrinkage, chromatin condensation, and plasma blebbing. 1 It is necessary for over 50 billion cells to undergo apoptosis each day in the human body to maintain tissue homeostasis. [2] [3] [4] [5] [6] [7] Excessive apoptosis causes the progression of several neurological disorders such as Alzheimer's, Parkinson's, and Huntington's diseases. 8 Conversely, absence of apoptosis may be associated with autoimmune diseases, such as systemic lupus erythematosus (SLE), 9 ,10 also known as lupus, in which the body's immune system mistakenly attacks healthy tissue in many parts of the body. Apoptosis generates a large number of apoptotic bodies containing a variety of cellular components including microRNAs, mRNAs, DNAs, proteins, and lipids. [11] [12] [13] Apoptotic bodies are engulfed by macrophages, dendritic cells, epithelial cells, endothelial cells, and fibroblasts, and corpses are subsequently internalized, ingested, and degraded in the lysosomes. [14] [15] [16] [17] [18] Since engulfment of apoptotic cells may prime macrophages to generate molecular memory, it is speculated that apoptotic bodies may facilitate intercellular communication through transfer of cellular factors. 13, 19 However, whether apoptotic processes and apoptotic body production regulate stem cell function is largely unknown.
Bone marrow mesenchymal stem cells (MSCs) are nonhematopoietic stem cells with the capacity for self-renewal and multipotent differentiation that maintain bone marrow homeostasis. 20, 21 MSCs can differentiate into osteoblasts, adipocytes, fibroblasts, chondrocytes and non-mesenchymal cell types. 22, 23 In addition, MSCs can inhibit proliferation and function of several major immune cells, such as T and B lymphocytes, dendritic cells and natural killer cells, to regulate immune responses. Therefore, MSCs have been identified as a promising cell source for tissue regeneration and immune therapies. [24] [25] [26] [27] [28] In this study, we show that MSCs phagocytose apoptotic bodies and reutilize multiple cellular factors from apoptotic bodies to maintain their stem cell properties.
RESULTS
Staurosporine-induced acceleration of apoptotic body production rescued impaired MSCs in apoptosis-deficient mouse models Apoptosis can be initiated by extrinsic death receptor or intrinsic mitochondrial pathways, both resulting in the same execution procedure. 29 The FasL/Fas pathway is a well-characterized extrinsic apoptosis pathway, and caspase 3 is critical for the final execution phase of apoptosis. MRL/lpr mice are homozygous for Fas mutation, which show functional deficient of Fas. [30] [31] [32] In this study, we used Fas-deficient MRL/lpr and caspase 3 knockout (Casp3 −/− ) mice as apoptosis-deficient models to examine how apoptosis affects bone marrow MSCs. First, we developed an in vivo apoptosis-tracing assay to assess apoptosis rates in the bone marrow. After FITC-labeled Annexin V was intravenously injected, the number of FITC-Annexin V-positive cells in the femoral bone marrow was calculated under a fluorescent microscope at two hours post-injection. The apoptosis rates were significantly reduced in MRL/lpr and Casp3 −/− mice when compared with wild-type controls ( Fig. 1a ; Supplementary information, Figure S1a ). During the apoptotic process, cells release a large number of 1-5 µm extracellular vesicles, named apoptotic bodies. [33] [34] [35] [36] We next asked whether the number of apoptotic bodies was reduced in apoptosis-deficient mouse models. After sequential centrifugation of whole bone marrow, 37, 38 we found that there were significantly fewer 1-5 µm extracellular vesicles in the resulting pellet than in the control groups ( Fig. 1b ; Supplementary information, Figure S1b ). These extracellular vesicles were positive for Annexin V and negative for CD62P antibody staining, as assessed by flow cytometric analysis. 1 and 10 μm beads were used to define gate size, and 4.5 μm counting beads were used to calculate the number of extracellular vesicles. In order to exclude potential platelet contamination, apoptotic bodies were defined as 1-5 μm in size as well as Annexin V positive and platelet marker CD62P negative (Fig. 1c) . The number of apoptotic bodies was calculated according to the number of Annexin V-positive and CD62P-negative cells versus the number of counting beads by the absolute cell counting method (Supplementary information, Figure S1c ). 39 Flow cytometric analysis confirmed that the number of apoptotic bodies was decreased in the bone marrow of MRL/lpr and Casp3 −/− mice when compared to the control groups ( Fig. 1c ; Supplementary information, Figure S1d ).
Since previous studies indicated that MSCs from MRL/lpr and Casp3 −/− mice showed impaired osteogenic differentiation, 40, 41 here we showed that MSCs from MRL/lpr mice and Casp3 −/− mice had decreased proliferation and population doubling rates, as assessed by BrdU labeling and continuous passage assay, respectively ( Fig. 1d ; Supplementary information, Figure S1e ). Additionally, MSCs from MRL/lpr and Casp3 −/− mice showed reduced capacities for osteogenic differentiation, as indicated by decreased calcium nodule formation and expression of osteogenic markers runt-related transcription factor 2 (Runx2) and alkaline phosphatase (ALP) when cultured under the osteogenic inductive conditions ( Fig. 1e ; Supplementary information, Figure S1f ). Moreover, MSCs from MRL/lpr and Casp3 −/− mice showed significantly reduced capacities to generate new bone when implanted into immunocompromised mice subcutaneously using hydroxyapatite tricalcium phosphate (HA/TCP) as a carrier ( Fig. 1f ; Supplementary information, Figure S1g ). When compared with the control group, MSCs from MRL/lpr and Casp3 −/− mice also showed significantly reduced capacities to differentiate into adipocytes under the adipogenic inductive conditions, as indicated by a reduced number of Oil red O-positive adipocytes and downregulated expression of adipogenic markers peroxisome proliferator-activated receptor γ (PPARγ) and lipoprotein lipase (LPL) ( Fig. 1g ; Supplementary information, Figure S1h ). These data suggest that deficiency of apoptosis may impair MSC self-renewal and multipotent differentiation.
We next asked whether accelerated apoptosis could rescue impaired MSCs in MRL/lpr and Casp3 −/− mice. Since staurosporine (STS) induces cell apoptosis via both caspase-dependent and -independent pathways, 42, 43 we administrated 3 ng of STS per mouse twice a week for 4 weeks and found that STS treatment induced a significantly increased apoptosis rate and the production of apoptotic bodies in the bone marrow of MRL/ lpr and Casp3 −/− mice ( Fig. 1a-c ; Supplementary information, Figure S1a , b, d). Interestingly, we found that STS treatment rescued impaired MSCs in MRL/lpr and Casp3 −/− mice, increasing their proliferation and population doubling rates, as assessed by BrdU labeling assay and continuous passage assay, respectively ( Fig. 1d; Supplementary information, Figure S1e ). Osteogenic and adipogenic differentiation of these cells was also upregulated, as assessed by mineralized nodule formation, expression of Runx2 and ALP, in vivo bone formation when implanted into immunocompromised mice, ratio of Oil Red Opositive adipocytes and expression of adipogenic markers PPARγ and LPL ( Fig. 1e-g ; Supplementary information, Figure S1f -h). These data imply that STS-induced elevation of apoptotic body production can rescue impaired MSCs in MRL/lpr and Casp3 −/− mice.
Apoptotic bodies rescued impaired MSCs in MRL/lpr and Casp3
−/− mice In order to examine whether exogenous apoptotic bodies could rescue impaired MSCs in MRL/lpr and Casp3 −/− mice, we used STS to induce apoptosis in cultured allogenic MSCs and subsequently isolated apoptotic bodies using a sequential filter system (Supplementary information, Figure S2a ). We confirmed that these apoptotic bodies expressed apoptotic body-specific surface markers Annexin V, C1q and TSP-1, as assayed by immunofluorescent staining and flow cytometric analysis, respectively (Supplementary information, Figure S2b ). We further identified that these apoptotic bodies were 1-5 μm in size and contained cellular components (Supplementary information, Figure S2c -f). When 4 × 10 6 apoptotic bodies were intravenously infused once a week for 4 weeks, impaired MSCs from MRL/lpr and Casp3 −/− mice were rescued, as indicated by increased BrdU labeling and population doubling rates ( Fig. 2a; Supplementary information, Figure S2g ), improved mineralized nodule formation, elevated expression of Runx2 and ALP ( Fig. 2b ; Supplementary information, Figure S2h ), increased in vivo bone formation ( Fig. 2c ; Supplementary information, Figure S2i ), increased adipocyte formation and elevated expression of PPARγ and LPL ( Fig. 2d ; Supplementary information, Figure S2j ). Since bone disorders are common symptoms of SLE, we further showed that apoptotic body infusion was able to ameliorate the osteopenia phenotype in MRL/lpr and Casp3 −/− mice, as assessed by microCT analysis ( Fig. 2e ; Supplementary information, Figure S2k ). Since MRL/lpr mice represent a disease model for SLE, these data suggest that exogenous apoptotic body treatment may offer a therapeutic effect to rescue impaired MSCs and osteopenia in SLE.
Our previous study showed that recipient MSCs could engulf exosomes from systemically infused MSCs. 41 Here we examined whether recipient MSCs could engulf apoptotic bodies after apoptotic body infusion. Immunofluorescent staining showed that PKH67-labeled apoptotic bodies could be detected in CD105-, CD73-and CD44-positive MSCs in the bone marrow of MRL/lpr and Casp3 −/− mice at 24 h post-infusion ( Fig. 2f ; Supplementary information, Figure S2l ). Next, we found that about 44.6% of the PKH67-labeled apoptotic bodies in the bone marrow were taken up by CD105-positive cells and 19.7% PKH67-labeled apoptotic bodies were taken up by CD11b-positive monocytes (Supplementary information, Figure S2m ). These data suggest that impaired MSCs are indeed able to phagocytose exogenous apoptotic bodies in vivo. Fig. 1 Staurosporine-induced elevated levels of apoptotic bodies rescued impaired MSCs in MRL/lpr Mice. a 3 ng of Staurosporine (STS) was intraperitoneally administered to MRL/lpr mice twice a week for 4 weeks (total of 8 injections). Annexin V was injected via the tail vein 2 h prior to sample collection to assess the apoptosis rate in the bone marrow. Immunostaining showed that STS injection rescued the reduced number of apoptotic cells in the bone marrow of MRL/lpr mice (n = 5). b Fewer apoptotic body-sized extracellular vesicles were observed in pellets derived from MRL/lpr mice (n = 5) than in those collected from the control mice. After 4 weeks of STS treatment, the amount of apoptotic body-sized extracellular vesicles was increased in MRL/lpr mice. c The number of apoptotic bodies was counted by flow cytometry. 1 and 10 μm diameter beads and 4.5 μm counting beads were used to gate 1-5 μm-sized microvesicles. Annexin V + and CD62P − events were counted as apoptotic bodies. The flow cytometric calculation showed that the number of apoptotic bodies from the bone marrow of MRL/lpr mice (n = 5) was reduced compared to the wild-type control group. After 4 weeks of STS treatment, the number of apoptotic bodies from the bone marrow of MRL/lpr mice (n = 5) was increased. d BrdU labeling and continuous passage assay showed that MRL/lpr MSCs (n = 5) had reduced proliferation and population doubling rates when compared to the wild-type control group. After 4 weeks of STS treatment, proliferation and population doubling rates were increased in MRL/lpr MSCs (n = 5). e Compared to wild-type MSCs, MRL/lpr MSCs showed reduced capacities to form mineralized nodules when cultured under the osteogenic inductive conditions, assessed by alizarin red staining (n = 5), and reduced expression of osteogenic markers Runx2 and ALP, assessed by Western blot. After 4 weeks of STS treatment, reduced mineralized nodule formation and expression of Runx2 and ALP were rescued in MRL/lpr MSCs (n = 5). f MRL/lpr MSCs showed reduced capacities to form new bone when implanted into immunocompromised mice subcutaneously using HA/TCP as a carrier. After 4 weeks of STS administration, reduced bone formation capacity was rescued in MRL/lpr MSCs (n = 5). H&E staining showed new bone (B) and HA/TCP (HA) carrier. g Compared to wild-type MSCs, MRL/lpr MSCs showed a reduced capacity to differentiate into adipocytes when cultured under the adipogenic inductive conditions, as assessed by Oil red O staining (n = 5), along with reduced expression of adipogenic markers PPARγ and LPL, as assessed by Western blot. After 4 weeks of STS administration, reduced adipocyte formation and expression of PPARγ and LPL were rescued in MRL/lpr MSCs (n = 5). All results are representative of data generated in three independent experiments. Error bars represent the S. D. from the mean values. ***P < 0.001; **P < 0.01; *P < 0.05. Scale bar, 5 μm (a), 50 μm (f)
To further confirm that apoptotic bodies are able to rescue impaired MRL/lpr and Casp3 −/− MSCs, we used an in vitro coculture system to show that treatment with 4 × 10 6 apoptotic bodies, assessed after 24 h, rescued 1 × 10 6 MRL/lpr and Casp3 Figure S3d and m) when compared to the control groups. These in vitro experimental data confirmed that apoptotic bodies play a direct role in regulating stem cell properties of MSCs. Since uptake of apoptotic bodies was detected in MRL/lpr and Casp3 −/− MSCs, we used PKH26-labeled apoptotic bodies to treat cultured MSCs and confirmed that the MSCs could engulf apoptotic bodies in vitro (Supplementary information, Figure S3e ). Apoptotic bodies expose phosphatidylserine (PtdSer) in membrane surface to serve as an "eat me" signal to be recognized by phagocytes for engulfment process. 44 We showed that MSCs expressed αvβ3 and αvβ5, but not MerTK; they also expressed MFGE8, which is capable of connecting αvβ3 and αvβ5 with PtdSer in apoptotic bodies (Supplementary information, Figure S3f ). To determine whether αvβ3 or αvβ5 contribute to the engulfment of apoptotic bodies, we used siRNA to knock down αvβ3 and αvβ5 expression, respectively (Supplementary information, Figure S3g and h) and found that knockdown of αvβ3, but not αvβ5, blocked the engulfment of apoptotic bodies by MSC (Supplementary information, Figure S3i ). These data suggest that αvβ3 may play an essential role in MSC-mediated engulfment of apoptotic bodies.
Apoptotic body treatment upregulated Wnt/β-catenin pathway in MRL/lpr and Casp3 −/− MSCs via reusing RNF146 Next, we sought to determine how apoptotic bodies rescue impaired MSCs in apoptosis-deficient mice. We used mouse stem cell signaling RT 2 Profiler PCR array to show that systemic apoptotic body infusion markedly altered the gene expression profiles of MRL/lpr and Casp3 −/− MSCs (Supplementary information, Figure S4a ). Then we used Ingenuity Pathway Analysis (IPA) "Canonical Pathway" analysis to evaluate activation z-scores to 6 apoptotic bodies were injected into MRL/lpr mice via the tail vein once a week. After 4 weeks of apoptotic body infusion, BrdU labeling and continuous passage assay showed that the decreased proliferation and population doubling rates were rescued in MRL/lpr MSCs. b After 4 weeks of apoptotic body infusion, MSCs from MRL/lpr mice showed significantly increased capacities to form mineralized nodules, as assessed by alizarin red staining (n = 5), and upregulated expression of osteogenic markers Runx2 and ALP compared to MRL/lpr mice, as assessed by Western blot. c MSCs from apoptotic body-treated MRL/lpr mice showed increased capacities to generate new bone when implanted into immunocompromised mice subcutaneously using HA/TCP as a carrier (n = 5). H&E staining showed newly formed bone (B) and HA/TCP (HA) carrier. d MSCs from apoptotic body-treated MRL/lpr mice showed significantly increased capacities to differentiate into adipocytes under the adipogenic inductive culture conditions, as assessed by Oil red O staining (n = 5), and upregulated expression of adipogenic markers PPARγ and LPL, as assessed by Western blot. e After 4 weeks of apoptotic body treatment, the femurs of MRL/lpr mice showed significantly increased bone mineral density (BMD) and bone volume/total volume (BV/TV), as assessed by microCT (n = 5). f After intravenous infusion of PKH67-labeled apoptotic bodies for 24 h, immunofluorescent staining showed PKH67 co-localized with CD105-, CD73-and CD44-positive cells in the femurs of MRL/lpr mice. All results are representative of data generated in three independent experiments. Error bars represent the S.D. from the mean values. ***P < 0.001; **P < 0.01; *P < 0.05. Scale bar, 50 μm (c), 200 μm (e), 10 μm (f) predict the most highly activated relevant pathway. This analysis showed that the Wnt/β-catenin pathway had the highest activation score in MRL/lpr and Casp3 −/− MSCs at 4 weeks after apoptotic body infusion (Supplementary information, Figure S4b ). These data suggested that apoptotic body treatment may activate the Wnt/β-catenin pathway to rescue impaired MRL/lpr and Casp3 −/− MSCs. We used a Western blot assay to confi6rm that apoptotic body infusion upregulated the expression levels of active β-catenin and reduced the expression of Axin1 at 4 weeks post-infusion in MRL/lpr and Casp3 −/− MSCs ( Fig. 3a ; Supplementary information, Figure S4c) . However, the expression levels of other Wnt/β-catenin components, including Fzd, APC, did not show significant changes. Axin2 only showed slight upregulation compared to that in MSCs from un-treated MRL/lpr and Casp3 −/− mice ( Fig. 3a; Supplementary information, Figure S4c ). Therefore, we focused our study on the role of Axin1 in apoptotic bodyregulated Wnt/β-catenin signaling. Recently it has been reported that Axin protein undergoes Poly-ADP-ribosylation (PARsylation) via Tankyrases 1 and 2 (Tnks1/2), 45 leading to the promotion of Axin ubiquitination by RNF146, 46, 47 an E3 ubiquitin ligase, and subsequently its proteasomal degradation. Additionally, Axin can be destabilized by Smurf2 ubiquitin ligase-or ubiquitin-regulated protease USP34-mediated ubiquitination. 48, 49 A Western blot showed that apoptotic body infusion upregulated the levels of RNF146, but not UPS34 or Smurf2, in MRL/lpr MSCs ( Fig. 3b ; Supplementary information, Figure S4d ). To confirm that apoptotic body treatment upregulates the expression levels of RNF146 and active-β-catenin, we used allogenic apoptotic bodies at low doses (4 × 10 6 apoptotic bodies) and high doses (8 × 10 6 apoptotic bodies), respectively, to treat 1 × 10 6 culture-expanded MRL/lpr MSCs and found that apoptotic body treatment induced a dosedependent upregulation of RNF146 and active-β-catenin, along a Western blot analysis showed that apoptotic body infusion upregulated active Wnt/β-catenin expression and downregulated Axin1 expression in MRL/lpr MSCs. There was no significant change in β-catenin, Axin2, APC, or Fzd expression. β-Actin was used as a protein loading control. b Western blot showed that apoptotic body infusion upregulated the level of RNF146, but not Smurf2 or USP34, in MRL/lpr MSCs. β-Actin was used as a protein loading control. c When a low dose (4 × 10 6 ) and a high dose (8 × 10 6 ) of apoptotic bodies were used to treat 1 × 10 6 culture-expanded MRL/lpr MSCs, upregulation of active-β-catenin and RNF146, along with downregulation of Axin 1, were observed in a dose-dependent manner, as assessed by Western blot. d Real-time PCR analysis showed that apoptotic body treatment failed to affect mRNA expression levels of rnf146 in MRL/lpr MSCs. e Western blot analysis showed that both MSCs and apoptotic bodies contained RNF146. f Immunofluorescent staining showed that systemically infused EGFP-RNF146-labeled apoptotic bodies were engulfed by MRL/lpr MSCs at 24 h post-infusion. g Immunofluorescent staining showed that EGFP-RNF146-labeled apoptotic bodies were engulfed by culture-expanded MRL/ lpr MSCs after 24 h co-culture. h Western blot analysis showed that β-catenin siRNA treatment efficiently knocked down the expression level of β-catenin and blocked apoptotic body-induced upregulation of Wnt/β-catenin in MRL/lpr MSCs. i β-catenin siRNA treatment blocked apoptotic body-induced increase in mineralized nodule formation, as assessed by alizarin red staining, and upregulation of Runx2 and ALP, as assessed by Western blot. j Western blot analysis showed that treatment with Wnt pathway inhibitor XAV939 blocked apoptotic body-induced upregulation of Wnt/β-catenin and RNF146 and downregulation of Axin 1 in MRL/lpr MSCs. k XAV939 treatment blocked apoptotic bodyinduced increase in mineralized nodule formation, as assessed by alizarin red staining, and upregulation of Runx2 and ALP, as assessed by Western blot. All results are representative of data generated in three independent experiments. Error bars represent the S.D. from the mean values. **P < 0.01, N.S., no significance. Scale bar, 10 μm (f), (g) with marked downregulation of Axin1 (Fig. 3c) . However, real-time PCR analysis showed that apoptotic body treatment failed to affect rnf146 expression at the mRNA level (Fig. 3d) , suggesting that apoptotic bodies may directly elevate the levels of RNF146 without genetic regulation. After confirming by Western blot that apoptotic bodies contain RNF146 (Fig. 3e) , we transfected MSCs with EGFP-RNF146 plasmids and used STS treatment to generate EGFP-RNF146-positive apoptotic bodies (Supplementary information, Figure S4e ). These apoptotic bodies were systemically infused into MRL/lpr and Casp3 −/− mice, and we detected CD105 and GFP double-positive cells in the bone marrow at 24 h post-infusion, as assessed by immunofluorescent staining ( Fig. 3f ; Supplementary information, Figure S4f ). This suggested that MSCs are able to engulf RNF146 derived from systemically infused apoptotic bodies. As expected, culture-expanded MRL/lpr and Casp3 −/− MSCs were also able to engulf EGFP-RNF146-positive apoptotic bodies in the culture ( Fig. 3g ; Supplementary information, Figure S4g ).
To verify that RNF146 and Wnt/β-catenin signaling activation contribute to apoptotic body-induced rescue of impaired MRL/lpr MSCs, we used a siRNA approach to examine whether knocking down β-catenin expression could abolish apoptotic body-induced Fig. 4 RNF146 played an essential role in apoptotic body-mediated rescue of impaired MRL/lpr MSCs. a Western blot analysis showed that systemic infusion of apoptotic bodies derived from RNF146 knockdown MSCs failed to upregulate active-β-catenin expression and downregulate Axin1 expression in MRL/lpr MSCs when compared to the control group at 4 weeks post-infusion. β-Actin was used as a protein loading control. b BrdU labeling and continuous passage assay showed that apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced proliferation and population doubling rates in MRL/lpr MSCs when compared to the control group. c Apoptotic bodies derived from RNF146 knockdown MSCs also failed to rescue reduced capacities to form mineralized nodules in MRL/lpr MSCs at 4 weeks postinfusion when cultured under the osteogenic inductive conditions, as assessed by alizarin red staining (n = 5), and expression of osteogenic markers ALP and Runx2, as assessed by Western blot, when compared with the control group. d Apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced capacities to generate new bone in MRL/lpr MSCs at 4 weeks post-infusion when implanted into immunocompromised mice subcutaneously using HA/TCP as a carrier (n = 5). H&E staining showed newly formed bone (B) and HA/TCP (HA) carrier. e Apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced capacities to form adipocytes under the adipogenic inductive conditions, as assessed by Oil red O staining (n = 5), and expression of adipogenic markers PPARγ and LPL, as assessed by Western blot, at 4 weeks post-infusion. f BrdU labeling and continuous passage assay confirmed that apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced proliferation and population doubling rates of culture-expanded MRL/lpr MSCs. g Apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced capacities to form mineralized nodules under the osteogenic inductive conditions, as assessed by alizarin red staining (n = 5), and expression of osteogenic markers Runx2 and ALP, as assessed by Western blot, in culture-expanded MRL/lpr MSCs. h Apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced capacities to differentiate into adipocytes under the adipogenic inductive conditions, as assessed by Oil red O staining (n = 5), and expression of adipogenic markers PPARγ and LPL, assessed by Western blot, in culture-expanded MRL/lpr MSCs. All results are representative of data generated in three independent experiments. Error bars represent the S.D. from the mean values. ***P < 0.001; **P < 0.01; *P < 0.05. Scale bar, 50 μm (d). KD, knockdown rescue of MRL/lpr MSCs. Western blot analysis showed that siRNA treatment knocked down β-catenin and active-β-catenin expression efficiently (Fig. 3h) . Apoptotic body treatment could upregulate RNF146 and downregulate Axin1 levels, but failed to significantly upregulate active-β-catenin expression in the β-catenin knockdown conditions, and had no effect on osteogenic differentiation in MRL/lpr MSCs, as indicated by calcium nodule formation and expression of osteogenic markers ALP and Runx2 Apoptotic body treatment ameliorated osteoporotic phenotype and rescued impaired MSC function in OVX mice. a Compared with the sham group, the femurs of OVX mice showed significantly reduced bone mineral density (BMD) and bone volume/total volume (BV/TV), as assessed by microCT (n = 5). After 4 weeks of apoptotic body treatment, the reduced BMD and BV/TV in the femurs of OVX mice were rescued (n = 5), but apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced BMD and BV/TV (n = 5). b Histogram showed that OVX resulted in reduced trabecular bone area in distal femurs of OVX mice, when compared with the sham group (n = 5). After 4 weeks of apoptotic body treatment, the reduced trabecular bone area in distal femurs of OVX mice was rescued, but apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced trabecular bone area (n = 5). c Real-time PCR analysis showed that the expression levels of Bglap and Alp mRNA levels decreased in the femurs bone marrow of OVX mouse compared with the sham group (n = 5). After 4 weeks of apoptotic body treatment, the reduced expression levels of Bglap and Alp mRNA in OVX mice were elevated in wild-type MSC-derived, but not RNF146 knockdown MSC-derived, apoptotic body group (n = 5). d Calcein double labeling of the metaphyseal trabecular bone in the distal femora showed that bone formation rate per bone surface (BFR/BS) values decreased in OVX group compared with the sham group (n = 5). This reduced new bone formation rate in OVX group was rescued 4 weeks after treatment with apoptotic bodies derived from wild-type MSCs, but not from RNF146 knockdown MSCs (n = 5). e Western blot analysis showed that the level of active-β-catenin was decreased and the level of Axin1 was slightly increased in OVX MSCs, when compared with sham MSCs. After 4 weeks of apoptotic body treatment, the levels of RNF146 and active-β-catenin were increased and level of Axin1 was decreased, but apoptotic bodies from RNF146 knockdown MSCs failed to upregulate active-β-catenin expression and downregulate Axin1 expression in OVX MSCs. β-Actin was used as a protein loading control. f BrdU labeling and continuous passage assay showed that OVX MSCs (n = 5) had increased proliferation and reduced population doubling rates when compared to the sham group. After 4 weeks of apoptotic body treatment, proliferation and population doubling rates were rescued in OVX MSCs (n = 5), but apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue increased proliferation and reduced population doubling rates in OVX MSCs (n = 5). g Compared to Sham MSCs, OVX MSCs showed reduced capacities to form mineralized nodules when cultured under the osteogenic inductive conditions, assessed by alizarin red staining (n = 5), and reduced expression of osteogenic markers Runx2 and ALP, assessed by Western blot. After 4 weeks of apoptotic body treatment, reduced mineralized nodule formation and expression of Runx2 and ALP were rescued in OVX MSCs (n = 5), but apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue the reduced mineralized nodule formation and expression of Runx2 and ALP. h OVX MSCs showed reduced capacities to form new bone when implanted into immunocompromised mice subcutaneously using HA/TCP as a carrier. After 4 weeks of apoptotic body treatment, reduced bone formation capacity was rescued in OVX MSCs (n = 5), but apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced capacities to generate new bone in OVX MSCs (n = 5). H&E staining showed new bone (B) and HA/TCP (HA) carrier. All results are representative of data generated in three independent experiments. Error bars represent the S.D. from the mean values. ***P < 0.001; **P < 0.01; *P < 0. when cultured under the osteogenic inductive conditions (Fig. 3h,  i) . To further confirm these findings, we used XAV939, an Axin stabilizing agent capable of blocking enzymes tankyrase1/2 to abolish RNF146's function, to block the Wnt/β-catenin pathway in MRL/lpr and Casp3 −/− MSCs. Western blot analysis showed that XAV939 treatment upregulated the expression level of Axin1 and downregulated the expression levels of RNF146 and activated-β-catenin ( Fig. 3j; Supplementary information, Figure S4h ). Moreover, XAV939 treatment blocked apoptotic body-induced upregulation of osteogenic differentiation in MRL/lpr and Casp3 −/− MSCs, as indicated by calcium nodule formation and expression of Runx2 and ALP when cultured under the osteogenic inductive conditions ( Fig. 3k; Supplementary information, Figure S4i ). These experimental data suggest that apoptotic bodies may directly provide RNF146 to MSCs for Wnt/β-catenin activation.
To further confirm the role of RNF146 in apoptotic bodyinduced rescue of impaired MRL/lpr and Casp3 −/− MSCs, we examined whether blockage of RNF146 could abolish the apoptotic body-induced therapeutic effect. After using siRNA to knock down RNF146 expression in MSCs (Supplementary information, Figure S5a ), allogenic apoptotic bodies newly generated by STS treatment contained significantly reduced levels of RNF146 (Supplementary information, Figure S5b ). After 4 weeks of systemic infusion, these RNF146-deficient apoptotic bodies failed to upregulate RNF146 or active-β-catenin expression, and had no effect on the expression level of Axin1 in MRL/lpr and Casp3 −/− MSCs ( Fig. 4a ; Supplementary information, Figure S5c ). As expected, RNF146 knockdown apoptotic bodies failed to rescue impaired MRL/lpr and Casp3 −/− MSCs in terms of their proliferation and population doubling rates ( Fig. 4b ; Supplementary information, Figure S5d) ; their capacity for osteogenic differentiation, as assessed by calcium nodule formation and expression of Runx2 and ALP when cultured under the osteogenic inductive conditions ( Fig. 4c; Supplementary information, Figure S5e) ; new bone formation when implanted into immunocompromised mice ( Fig. 4d; Supplementary information, Figure S5f) ; and capacity for adipogenic differentiation, as assessed by Oil red O staining and expression of PPARγ and LPL ( Fig. 4e ; Supplementary information, Figure S5g ). Furthermore, we used in vitro cultured MRL/lpr and Casp3 −/− MSCs to verify that RNF146 knockdown apoptotic bodies failed to rescue the proliferation, population doubling, osteogenic and adipogenic differentiation of impaired MSCs when compared with the control groups (Fig. 4f-h , Supplementary information, Figure S5h-j) . These data indicate that RNF146 plays a critical role in apoptotic body-induced rescue of MRL/lpr and Casp3 −/− MSCs.
Apoptotic body infusion ameliorated osteopenia phenotype and rescued impaired MSCs in OVX mice Since apoptotic body infusion was able to ameliorate the osteopenia phenotype in apoptosis-deficient mice, we asked whether apoptotic body treatment could rescue bone loss and impaired MSCs in a mouse model in which osteoporosis is not related to apoptosis. Therefore, we used ovariectomized (OVX) mice to verify the role of apoptotic body infusion in a clinically related osteoporosis animal model. 50, 51 After 4 weeks of apoptotic body infusion, microCT analysis showed that the reduced bone mineralized density (BMD) and bone volume/tissue volume (BV/ TV) seen in the distal femur of OVX mice were restored (Fig. 5a ). Histological analysis confirmed that apoptotic body infusion rescued trabecular bone volume in the distal femur of OVX mice (Fig. 5b) . However, apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue reduced BMD, BV/TV, and trabecular bone volume in OVX mice (Fig. 5a, b) . The expression of bone formation marker genes Bglap (bone gamma carboxyglutamate protein, osteocalcin) and Alp (alkaline phosphatase) from the whole-bone tissue decreased in OVX group compared with the sham group (Fig. 5c) . 52 After 4 weeks of apoptotic body infusion, the expression levels of Bglap and Alp were elevated (Fig. 5c) . However, apoptotic bodies derived from RNF146 knockdown MSCs failed to affect the expression levels of Bglap and Alp (Fig. 5c ), suggesting RNF146 is required for apoptotic bodyinduced elevation of bone formation. Moreover, we showed that the treatment with apoptotic bodies from wild-type MSCs, but not from RNF146 knockdown MSCs, rescued the reduced new bone formation rate in OVX mice, as assessed by bone formation rate per bone surface (BFR/BS) values using double calcein labeling (Fig. 5d) . These data indicate that apoptotic body treatment is able to improve bone formation in OVX mice. To examine whether apoptotic body infusion is able to rescue impaired MSCs in OVX mice, we showed that apoptotic body infusion elevated the expression levels of RNF146 and active-β-catenin, whereas it reduced the expression levels of Axin1 in OVX MSCs (Fig. 5e) . Moreover, we showed that apoptotic body infusion reduced the proliferation rate and increased the population doubling rate in OVX MSCs, as assessed by BrdU labeling assay and continuous passage assay, respectively (Fig. 5f ). Reduced osteogenic differentiation in OVX MSCs was also rescued by apoptotic body infusion as indicated by increased mineralized nodule formation, expression of Runx2 and ALP, and in vivo bone formation when implanted into immunocompromised mice (Fig. 5g, h ). As expected, apoptotic bodies derived from RNF146 knockdown MSCs failed to activate Wnt/β-catenin pathway and rescue the impaired MSCs in OVX mice (Fig. 5e-h ).
Since bone mass is maintained by the balance between osteoblast-mediated bone formation and osteoclast-mediated bone resorption, we examined osteoclast activity in apoptotic body-treated OVX mice and found that apoptotic body infusion was able to reduce the number of tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts in the distal femur of OVX mice (Supplementary information, Figure S6a ). We next determined whether apoptotic body treatment directly inhibits osteoclastogenesis. We isolated osteoclast precursors from bone marrow and induced them to differentiate into osteoclasts with adding macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor κB ligand (RANKL). We used an in vitro co-culture system to show that apoptotic body treatment failed to inhibit osteoclastogenesis as assayed by TRAP staining (Supplementary information, Figure S6b ). Since MSCs can induce osteoclast apoptosis via the FasL pathway 53 and activation of the β-catenin pathway upregulates FasL expression, 54 we hypothesized that apoptotic body treatment improved MSCs' capacity to induce osteoclast apoptosis. Our experimental data showed that apoptotic body treatment indeed improved MSCmediated reduction of osteoclast numbers (Supplementary information, Figure S6c ). However, apoptotic bodies derived from RNF146 knockdown MSCs failed to exert the same function (Supplementary information, Figure S6c ). Moreover, we showed that the treatment of apoptotic bodies from wild-type MSCs, but not from RNF146 knockdown MSCs, significantly increased the expression level of FasL, but not the levels of OPG or RNAKL, as assessed by Western blot analysis (Supplementary information, Figure S6d ). Next, we showed that knockdown of FasL expression abolished apoptotic body-induced elevation of MSC's capacities to reduce the number of osteoclasts (Supplementary information, Figure S6e and f) .
In addition, apoptotic body infusion reduced the serum levels of type I collagen cross-linked telopeptide (CTX), TRAP5b and RANKL, whereas it elevated the serum level of OPG in OVX mice (Supplementary information, Figure S6g-j) . However, apoptotic bodies derived from RNF146 knockdown MSCs failed to rescue the levels of CTX-1, TRAP5b, RANKL and OPG in OVX mice (Supplementary information, Figure S6g-j) . These experimental data suggest that apoptotic body treatment can directly improve bone formation and indirectly inhibit osteoclast activity. 
MRL/lpr and Casp3
−/− MSCs engulfed miR-328-3p from apoptotic bodies to upregulate Wnt/β-catenin pathway Since it was reported that apoptotic bodies could horizontally transfer microRNAs (miRNAs), 12 we next asked whether miRNAs, which are noncoding~22 nucleotide RNAs capable of silencing gene expression at post-transcriptional level, also contribute to upregulation of Wnt/β-catenin pathway via downregulation of Axin1 in apoptotic body-induced rescue of MRL/lpr and Casp3 −/− MSCs. We used online software, DIANA and Targetscan, to computationally search miRNA targets on Axin1 and predicted 16 miRNAs that may target Axin1 gene expression (Supplementary information, Table S1 ). Subsequently, real-time PCR revealed that miR-328-3p, miR-22-3p, miR-124-3p and miR-148a-3p showed elevated expression in apoptotic body-treated MRL/lpr MSCs (Fig. 6a) . We next used microRNA mimics to show that miR-328-3p, miR-22-3p, and miR-148a-3p, but not miR-124-3p, could downregulate Axin1 expression in MRL/lpr MSCs at 24 h post-treatment (Fig. 6b) . Then we knocked down these miRNAs in normal MSCs (Fig. 6c) and used STS treatment to generate apoptotic bodies. Western blot analysis showed that apoptotic bodies from miR-328-3p, but not from miR-22-3p or miR-148a-3p, knockdown MSCs exhibited abolished capacity to downregulate Axin1 and upregulate active-β-catenin (Fig. 6d) . These data suggest that miR-22-3p, miR-328-3p, and miR-148a-3p mimics could downregulate Axin1 expression, but only miR-328-3p knockdown showed a significant effect on the apoptotic body-mediated Axin1/β-catenin cascade. Thus, we selected miR-328-3p as a functional miRNA for the following study. We next transfected MSCs with Cy3-labeled miR- Fig. 6 miR-328-3p contributed to apoptotic body-mediated rescue of impaired MRL/lpr MSCs. a qPCR analysis showed the levels of miR-328-3p, miR-22-3p, miR-124-3p and miR-148a-3p were increased after apoptotic body treatment in MRL/lpr MSCs. b Western blot showed that mimics of miR-328-3p, miR-22-3p, and miR-148a-3p, but not miR-124-3p, reduced the level of Axin1 in apoptotic body-treated MRL/lpr MSCs. c qPCR showed that siRNA knockdown efficiently reduced the levels of miR-328-3p, miR-22-3p and miR-148a-3p in MSCs. d Western blot showed that apoptotic bodies from miR-328-3p-treated MSCs showed reduced capacity to downregulate Axin1 as well as to upregulate active-β-catenin when compared to miR-22-3p and miR-148a-3p groups. e Immunostaining showed that Cy3-miR-328-3p-labeled apoptotic bodies (Red) could be engulfed by MRL/lpr MSCs. f BrdU labeling and continuous passage assay showed that miR-328-3p knockdown partially abolished apoptotic body-induced rescue of the decreased proliferation and population doubling rates in MRL/lpr MSCs, but not as effectively as in the RNF146 knockdown group. g miR-328-3p knockdown partially abolished apoptotic body-induced rescue of mineralized nodule formation, as assessed by alizarin red staining, and expression of Runx2 and ALP, as assessed by Western blot, in MRL/lpr MSCs, but not as effectively as in the RNF146 knockdown group. h miR-328-3p knockdown partially abolished apoptotic body-induced rescue of adipogenic differentiation, as assessed by Oil red O staining, and expression of adipogenic markers, PPARγ and LPL, assessed by Western blot, in MRL/lpr MSCs, but not as effectively as in the RNF146 knockdown group. i Immunostaining showed that MRL/lpr MSCs engulfed both EGFP-RNF146-labeled apoptotic bodies and Cy3-miR-328-3p-labeled apoptotic bodies in an in vitro co-culture system. After intravenous infusion of PKH67-labeled apoptotic bodies for 24 h, immunofluorescent staining showed that both EGFP-RNF146-and Cy3-miR-328-3p-labeled apoptotic bodies co-localized with CD105-positive cells in the femurs of MRL/lpr mice. All results are representative of data generated in three independent experiments. Error bars represent the S.D. from the mean values. **P < 0.01; *P < 0.05; N.S., no significance. Scale bar, 20 μm (e), (i).
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328-3p mimics to generate Cy3-miR328-3p-positive apoptotic bodies. Immunofluorescent staining showed that cultured MSCs could engulf apoptotic bodies containing Cy3-miR328-3p (Fig. 6e) . When apoptotic bodies from miR-328-3p knockdown MSCs were systemically infused into MRL/lpr mice, their rescue effects were partially abolished when compared to control apoptotic bodies in terms of regulating proliferation and population doubling rates (Fig. 6f) ; capacities for osteogenic differentiation, as indicated by calcium nodule formation and expression of Runx2 and ALP when cultured under the osteogenic inductive conditions (Fig. 6g) ; and capacities for adipogenic differentiation, as indicated by Oil red O staining and expression of PPARγ and LPL (Fig. 6h) . We further used immunostaining to verify whether MSCs are able to engulf apoptotic body-derived EGFP-RNF146 and Cy3-miR-328-3p both in vitro and in vivo (Fig. 6i ). When treated with apoptotic bodies that contain EGFP-labelled RNF146 and Cy3-labelled miR-328-3p, majority of MSCs engulfed EGFP-RNF146 (91.2%), Cy3-miR-328-3p (84.5%), or both of EGFP-RNF146 and Cy3-miR-328-3p (79.3%) (Fig. 6i) . After systemic infusion of apoptotic bodies containing EGFP-RNF146 and Cy3-miR-328-3p, we found that 27.8% of CD105-positive MSCs in bone marrow colocalized with EGFP-RNF146 signal, 24.7% of them colocalized with Cy3-miR-328-3p signal, and 21.8% of them showed colocalization with both EGFP-RNF146 and Cy3-miR-328-3p signals (Fig. 6i) . These data suggest that apoptotic bodies can be engulfed by MSCs in vivo and in vitro. Collectively, these findings imply that MSCs from apoptosis-deficient mice can reuse multiple cellular factors, including RNF146 and miR-328-3p, from apoptotic bodies to generate "chimeric" cells to rescue impaired MSCs.
Apoptotic bodies participate in circulation to regulate distant MSCs Since our data revealed that systemic infusion of apoptotic bodies is capable of rescuing impaired MSCs in apoptosis-deficient mice, we hypothesized that apoptotic bodies may participate in circulation to regulate distant MSCs. We used a parabiosis mouse model, which has been used to examine circulatory factors transferring from one animal to another ( Fig. 7a ; Supplementary information, Figure S7a) , 55, 56 to show that connecting GFP mice with MRL/lpr or Casp3 −/− mice resulted in an increased amount of apoptotic bodies in the bone marrow of MRL/lpr and Casp3 −/− mice at 4 weeks post-surgical connection ( Fig. 7b; Supplementary  information, Figure S7b ). After parabiosis with GFP mice, GFP and Annexin V double-positive apoptotic bodies were detected in the bone marrow of MRL/lpr and Casp3 −/− mice, as assessed by flow cytometric analysis ( Fig. 7c; Supplementary information, Figure S7c) . Immunofluorescent staining also showed that MRL/lpr and Casp3 −/− MSCs were able to engulf GFP-positive apoptotic bodies ( Fig. 7d; Supplementary information, Figure S7d ), suggesting that apoptosis-deficient MSCs possess the capacity to reuse cellular factors from circulating apoptotic bodies. Moreover, immunofluorescent staining showed that most of the GFP signals detected in the bone marrow of MRL/lpr and casp3 −/− mice were colocalized with apoptotic maker C1q (Supplementary information, Figure S7e ), indicating that most of the GFP-positive particles were apoptotic bodies but not cells. When MRL/lpr and Casp3 −/− mice were paired with wild-type mice in parabiosis for 4 weeks, MRL/lpr and Casp3 −/− MSCs showed elevated levels of RNF146 and active-β-catenin, along with reduced expression of Axin1 ( Fig. 7e; Supplementary information, Figure S7f ). Moreover, impaired MSCs in MRL/lpr and Casp3 −/− mice were rescued, as indicated by elevated proliferation and population doubling rates ( Fig. 7f; Supplementary information, Figure S7g) ; improved capacity for osteogenic differentiation, as assessed by calcium nodule formation, expression of Runx2 and ALP when cultured under the osteogenic inductive conditions, and in vivo bone formation when implanted into immunocompromised mice ( Fig. 7g, h ; Supplementary information, Figure S7h and i); and elevated capacity for adipogenic differentiation, as assessed by Oil red O staining and expression of PPARγ and LPL ( Fig. 7i ; Supplementary information, Figure S7j ). Taken together, these data indicate that apoptotic bodies participate in the circulation system to regulate distant MSCs.
DISCUSSION
Apoptosis is a tightly regulated cell death process. It plays a crucial role in the maintenance of tissue homeostasis. Apoptotic cells may stimulate progenitor cell proliferation to improve tissue regeneration and replace damaged cells. 57, 58 In this study, we showed that deficient apoptosis in MRL/lpr and Casp3 −/− mice impaired selfrenewal and osteo-/adipo-genic differentiation of MSCs. Systemic infusion of exogenous apoptotic bodies was able to rescue impaired MSCs via reusing apoptotic body-derived RNF146 and miR-328-3p to activate the Wnt/β-catenin pathway (Supplementary information, Figure S8 ). Extracellular vesicles (EVs), including exosomes, microvesicles and apoptotic bodies, play important roles in cell-cell communication and signaling regulation. [59] [60] [61] Apoptotic bodies are specifically generated during cell apoptosis capable of encapsulating cellular factors generated during apoptosis. Apoptotic bodies can be recognized and engulfed by macrophages, fibroblasts, and specific phagocytes (Sertoli cells) for clearance purposes. 62, 63 In addition, engulfment of apoptotic cells may prime macrophages to generate molecular memory. 19 Our data indicate that bone marrow MSCs are able to engulf apoptotic bodies to maintain their stem cell properties. PtdSer recognition receptors play an important role in apoptotic body recognition and engulfment. 44 It is well-known that MSCs express a variety of integrins. 64 Here we found MSCs express integrin αvβ3 and αvβ5, but only integrin αvβ3 contributes to apoptotic body engulfment in MSCs.
Our previous study showed that MSC transplantation is able to regulate Notch signaling in MRL/lpr MSCs to rescue a Fas/miR-29-controlled epigenetic cascade. 41 Here we found apoptosisdeficient MSCs were able to simultaneously engulf RNF146 and miR-328-3p from exogenous apoptotic bodies to block Axin1, resulting in activation of the Wnt/β-catenin pathway and rescue of impaired MSCs in MRL/lpr and Casp3 −/− mice. These rescued MSCs became chimeric cells containing donor cellular factors, including apoptotic body-derived RNF146 and miRNAs. Although we can't exclude potential effect of Fas reuse in apoptotic bodymediated rescue of MRL/lpr MSCs, our data show that apoptotic bodies derived from RNF146 or miR-328-3p knockdown MSCs fail to rescue MRL/lpr and Casp3 −/− MSCs. These data suggest that RNF146 and miR-328-3p play a critical role in apoptotic bodymediated rescue of impaired MSCs. The microenvironment surrounding MSCs, including inflammatory cytokines and immune cells, may affect MSC-mediated tissue regeneration and immunomodulation function.
24,27,65-67 MRL/lpr mice represent a SLE disease model with a severe osteopenia phenotype due to deficient apoptosis and immune system disorders. Casp3
−/− mice also show immune system disorders 68 and Caspase 3 deletion can induce necrosis, 69 which may trigger an inflammatory response. MSC transplantation is able to ameliorate the immune and osteopenia phenotypes in MRL/lpr mice and patients by increasing regulatory T cells and reducing Th17 cells. 25 In this study, we find that MRL/lpr and Casp3 −/− mice showed reduced apoptotic body formation in bone marrow. Apoptotic body treatment was capable to rescuing osteopenia phenotype and impaired MSCs in MRL/lpr and Casp3 −/− mice, supporting the notion that impaired MSCs in apoptosis-deficient mice can be rescued by apoptotic body treatment. We also find that CD11b-positive immune cells engulf apoptotic bodies, implying that the interplay between apoptotic bodies and immune cells may regulate immune response. Although we are not able to exclude the possibility that apoptotic body-regulated immune response may contribute to the rescue of impaired MSCs in MRL/lpr, Casp3 −/− , and OVX mice, our in vitro experimental data, in which all potential influences of the surrounding microenvironment are excluded, show that apoptotic bodies are capable of directly regulating WNT/β-catenin pathway to maintain MSC homeostasis. OVX mice are widely used as a postmenopausal osteoporotic model. 48 We showed that apoptotic body treatment is able to ameliorate the osteoporotic phenotype in this model, suggesting the potential use of apoptotic bodies to treat osteoporosis. It appears that apoptotic body treatment directly improves the function of osteogenic cells to enhance bone formation and indirectly inhibits osteoclast activity by upregulating FasL expression in MSCs to cause osteoclast apoptosis.
Wnt/β-catenin signaling pathway plays a crucial role in regulating MSC self-renewal and differentiation. [70] [71] [72] [73] [74] Exogenous application of Wnt3a increased self-renewal and decreased apoptosis of MSCs. 71, 72 Both the canonical and non-canonical Wnt signaling pathways control early differentiation of MSCs. Canonical Wnt/β-catenin signaling promotes osteogenesis of MSCs by directly stimulating Runx2 gene expression. 70, 75, 76 However, canonical Wnt signaling may also suppress osteogenic differentiation of MSCs, and non-canonical Wnt5a has been showed to promote osteogenic differentiation. 71 The inconsistent effects of canonical Wnt signaling on MSC osteogenesis may due to the levels of Wnt activity, different sources of the cells, and differing experimental conditions. Previous studies showed that apoptotic bodies could horizontally transfer microRNAs and mRNAs. 12, 77 We found that apoptotic bodies transferred E3 ligase RNF146 and miR-328-3p to target Axin1 in MSCs and rescue impaired stem cell properties through activation of the Wnt/β-catenin pathway. RNF146, a RING-domain E3 ubiquitin ligase, can activate Wnt/β-catenin signaling by mediating tankyrasedependent degradation of Axin. Axin1 and Axin2 were identified as negative regulators of the Wnt/β-catenin pathway. We found that apoptotic body treatment significantly downregulated Axin1, but not Axin2, in apoptosis-deficient MSCs. This may be due to the fact that Axin1 expression is ubiquitous in most tissues whereas Axin2 expression is more restricted to specific cell types. 78 In addition to transferring RNF146, apoptotic bodies transferred miR-328-3p to downregulate Axin1 expression in MRL/lpr MSCs. Knockdown of miR-328-3p, but not other Axin-targeted microRNAs including miR-22-3p and miR-148a-3p, partially abolished apoptotic body treatment-induced rescue of impaired MSC functions. These data suggest that recipient cells may selectively engulf cellular factors, such as miRNAs, from apoptotic bodies to improve a specific signaling pathway for the purpose of rescuing stem cell function. 79 Different microRNAs converging on the same target has been reported previously 80, 81 ; however, we found reused proteins and microRNAs from apoptotic bodies are able to work together to regulate a specific pathway, implying that recipient MSCs may participate in the reuse process. The advantage of cell therapy is that infused cells exert therapeutic effects in multiple ways, which may depend on the host microenvironments. 65, 82 These properties may explain why MSC transplantation has shown therapeutic effects in a variety of disease conditions. It will be interesting to assess whether apoptotic bodies may also play multiple regulatory roles when used in a therapeutic approach. In addition, our experimental data imply that apoptotic body component reuse may be a common biological process in physiological conditions for the maintenance of tissue homeostasis.
To elucidate the biological role of apoptotic bodies in normal physiological conditions, we used a parabiosis model, in which GFP and MRL/lpr mice were surgically joined to share a circulation system after the formation of microvasculature between the two organisms. 56, 83, 84 In heterochronic parabiosis, a young mouse shares circulation with an old one. Some key molecules in circulation have been shown to regulate rejuvenation of the old mouse. 85 Circulating extracellular vesicles including apoptotic bodies were recognized as major mediators in intercellular communication. Although the shared circulating blood cells in parabiosis mice may home to the bone marrow, circulating apoptotic bodies are engulfed by bone marrow cells. In this study, we paired an apoptosis-deficient mouse with a wild-type one to show that apoptotic bodies participate in circulation to regulate distant MSCs. This suggests that the reuse of apoptotic body components may be a common in vivo biological event. In vivo apoptosis rate assay 100 μL Annexin V and 30 µL 10× Annexin V binding buffer (Southern Biotech) were diluted in 170 µL distilled water for tail vein injection. At 2 h post-infusion, mice were sacrificed and the femurs were fixed in 4% PFA and then decalcified with 5% ethylenediaminetetraacetic acid (EDTA), followed by optimal cutting temperature compound (OCT, Sakura Finetek, Torrance, CA, USA) embedding. Frozen sections were prepared and slides were mounted with Vectashield mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). Apoptosis rate was measured as the percentage of Annexin V-positive signals among the DAPI-positive cells.
MATERIALS AND METHODS
Reagents and chemicals Staurosporine (ALX-380-014) was purchased from Enzo Life Sciences (Farmingdale, NY, USA). XAV-939 (S1180) (1 μM for working solution) was purchased from Selleck Chemicals (Houston, TX, USA). Hoechst 33342 (14533) was purchased from Sigma (St. Louis, MO, USA). Flow Cytometry Size Calibration Kit (F-13838), Lipofectamine RNAiMAX (13778) and Lipofectamine LTX with Plus (15338) were purchased from ThermoFisher Scientific (Waltham, MA, USA). Label IT miRNA Labeling Cy-3 Kit was purchased from Mirus Bio (Madison, WI, USA). Liquid Counting Beads (4.5 μm size) for flow cytometric analysis (335925) was purchased from BD Bioscience (San Jose, CA, USA). PKH26(MINI67) and PKH67(MINI67) cell linker were purchased from Sigma (St. Louis, MO, USA). M-CSF and RANKL were purchased from PeproTech (Rocky Hill, NJ, USA). Antibodies Anti-mouse Runx2 (8486), anti-mouse Smurf2 (12024S) and antimouse Axin1 (2087S) antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-rat Alexa Fluor 647 (A21247) and anti-rat Alexa Flour 568 (A11077) antibodies were purchased from Invitrogen (Carlsbad, CA, USA). Anti-mouse ALP (sc-28904), anti-mouse PPAR-γ (sc-7273), anti-mouse APC (sc-896), anti-mouse TSP1 (sc-95886), anti-mouse αvβ3(sc-6627), antimouse αvβ5 (sc-13588), anti-mouse MerTK (sc-365499) anti-mouse FasL (C-178), anti-mouse OPG (H-249), anti-mouse RANKL (FL-317) and anti-mouse frizzled (sc-9169) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-mouse MFGE8 (D199-3) was purchased from MBL (Woburn, MA, USA). Anti-mouse LPL (SAB2700761) and anti-β-actin antibody (A1978) were purchased from Sigma (St. Louis, MO, USA). Anti-mouse CD73 (550738), anti-mouse CD105 (550546) and anti-mouse CD44 (553131) antibodies were purchased from BD Biosciences (San Jose, CA, USA). Annexin V-FITC (10039-02) and Annexin V-APC (10040-11) were purchased from Southern Biotech (Birmingham, AL, USA). CD62P-PE (12-0626) was purchased from eBioscience (San Diego, CA, USA). Anti-mouse USP34 (A300-824A-T) antibody was purchased from Bethyl Laboratories. Anti-mouse RNF146 (ab201212) and Anti-mouse Axin2 (ab32197) antibodies were purchased from Abcam (Cambridge, MA, USA). Anti-mouse active-β-catenin (05665) and anti-mouse β-catenin (06734) antibodies were purchased from EMD Millipore (Billerica, MA, USA). Antimouse C1q (CL7501F) antibody was purchased from CEDARLANE (Burlington, NC, USA).
Apoptotic body identification and calculation by flow cytometric analysis Apoptotic bodies were isolated using a sequential centrifugation followed by a sequential filtering. Briefly, after 300× g centrifugation for 10 min to remove cell debris, the supernatant was subsequently filtered with 5 and 1 μm filters to collect the supernatant containing particles between 1 and 5 μm in diameter. Next, the supernatant was centrifuged at 2000× g for 20 min to pellet the apoptotic body-sized extracellular vesicles (Supplementary information, Figure S2a ). Apoptotic body-sized extracellular vesicles derived from bone marrow and STS-treated MSCs were isolated after subsequent centrifugation, and then stained with 1 μg of CD62P-PE antibodies on ice for 30 min. Apoptotic body-sized extracellular vesicles were pelleted and stained with 1 μg of Annexin V-APC in binding buffer. Apoptotic body-sized extracellular vesicles were pelleted to remove the supernatant for the next step analysis. Apoptotic body-sized extracellular vesicles were re-suspended in 500 μL PBS. 10 μL apoptotic body-sized extracellular vesicles, 50 µL counting beads, 10 μL 1μm-sized and 10 µL 10 μm-sized calibration beads were added to 500 μL PBS. 1~5 μm apoptotic body-sized extracellular vesicles were gated by calibration beads and counting beads. Apoptotic bodies were defined as Annexin V-positive and CD62P-negative events. The number of counting beads was calculated according to the manufacturer's instructions. The number of apoptotic bodies was calculated by the number of counting beads multiplied by the ratio of apoptotic body events to counting bead events in flow cytometry plots.
Isolation of mouse bone marrow mesenchymal stem cells (MSCs) A single suspension of bone marrow-derived all nucleated cells (ANCs) from mouse femurs and tibias was seeded at a density of 1.5 × 10 7 cells per 10 cm culture dish (Corning, NY, USA) at 37°C in 5% CO 2 . Non-adherent cells were removed after 48 h and attached cells were maintained for 16 days in alpha minimum essential medium (α-MEM, Invitrogen) supplemented with 20% fetal bovine serum (FBS, Equitech-Bio, Kerrville, TX, USA), 2 mM L-glutamine, 55 μM 2-mercaptoethanol, 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen). Colony-forming attached cells were passed once for further experimental use.
Cell proliferation assay Proliferation of each mesenchymal stem cell population was performed by bromodeoxyuridine (BrdU) incorporation assay. Briefly, MSCs (1.0 × 10 4 cells/well) were seeded on 2-well chamber slides (Nunc) and cultured for 2-3 days. The cultures were incubated with BrdU solution (1:100) (Invitrogen) for 20 h and stained with a BrdU Staining Kit (Invitrogen) according to the manufacturer's instructions. BrdU-positive and total cell numbers were counted in ten image areas per subject. The number of BrdUpositive cells was indicated as a percentage of the total number of cells. The BrdU assay was repeated in 4 or 5 independent samples for each experimental group.
Population doubling (PD) assay Single colony cluster cells (P0 cells) were trypsinized and seeded at 0.5 × 10 6 on 60 mm dish (Corning) at the first passage. When they reached confluence, cells were harvested and seeded at the same density. The PD number was calculated at every passage according to the equation: PD = log 2 (number of harvested cells/ number of seeded cells). The PD numbers were determined by cumulative addition of total numbers generated from each passage until cells ceased dividing. The PD assay was repeated with five independent isolated cells for each experimental group.
Osteogenic differentiation assay BMMSCs were loaded at 1 × 10 6 cells per well into a 6-well plate. When cells reached 100% confluence and stopped proliferating, we started to induce osteogenic differentiation to eliminate potential influence caused by the altered proliferation rates of the MRL/lpr and Casp3 −/− MSCs. MSCs were cultured in osteogenic medium containing 2 mM β-glycerophosphate (Sigma), 100 μM Lascorbicacid 2-phosphate (Sigma) and 10 nM dexamethasone (Sigma). Ten days after osteogenic induction, total protein was extracted from cultured MSCs and the expression of Runx2 and ALP was assayed by Western blot analysis. After four weeks of osteogenic induction, the cultures were stained with 1% alizarin red-S (Sigma). Alizarin red-positive area was analyzed using Image-J software (NIH) and shown as a percentage of the total area.
Western blot analysis Total protein was extracted using M-PER mammalian protein extraction reagent (Thermo, Rockford, IL, USA). Protein was applied and separated on 4%-12% NuPAGE BT gel or 3%-8% NuPAGE TA gel (Invitrogen) and transferred to Immobilon TM -P membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% non-fat dry milk and 0.1% tween-20 for 1 h, followed by incubation with the primary antibodies (1:200-1,000 dilution) at 4°C overnight. Horseradish peroxidase-conjugated IgG (Santa Cruz Biosciences; 1:10,000) was used to treat the membranes for 1 h, after which the membranes were enhanced with a SuperSignal West Pico Chemiluminescent Substrate (Thermo). The bands were detected on films (Bioland, Paramount, CA, USA). β-actin antibody was used to quantify the amount of loaded protein.
MSC-mediated bone formation in vivo Approximately 4.0 × 10 6 MSCs were mixed with hydroxyapatite/ tricalcium phosphate (HA/TCP) ceramic particles (40 mg, Zimmer, Warsaw, IN, USA) as a carrier and subcutaneously implanted into the dorsal surface of 8-to 10-week-old immunocompromised mice. At 8 weeks post-implantation, the implants were harvested and fixed with 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS), decalcified with 5% EDTA in PBS, then embedded in paraffin. The 6-μm-thick sections were stained with hematoxylin and eosin (H&E). Images of the implants were analyzed using Image J software (NIH). Five fields were selected and the newly formed mineralized tissue area in each field was calculated as a percentage of the total tissue area.
Adipogenic differentiation
BMMSCs were loaded at 1 × 10 6 cells per well into a 6-well plate. When cells reached 100% confluence and stopped proliferating, we started to induce adipogenic differentiation to eliminate potential influence caused by the altered proliferation rates of the MRL/lpr and Casp3 −/− MSCs. MSCs were cultured under adipogenic inductive conditions, in growth medium containing 500 nM isobutylmethylxanthine (Sigma-Aldrich), 60 μM indomethacin (Sigma-Aldrich), 500 nM hydrocortisone (Sigma-Aldrich), 10 μg/ mL insulin (Sigma-Aldrich), and 100 nM L-ascorbic acid phosphate. At 7 days post-induction, the adipocytes were stained with Oil red O (Sigma-Aldrich), and positive cells were quantified under microscopy and shown as a number out of the total number of cells.
MicroCT and analysis After being harvested and fixed in 4% paraformaldehyde (PFA), femurs were imaged and analyzed using a high-resolution Scanco μCT35 scanner (Scanco Medical AG, Bruttisellen, Switzerland). The specimens were scanned using a voxel size of 20 μm at 70 kVp and 200 μA. Scanned data was reconstructed using Scanco software. Datasets were loaded into Amira 5.3.1 software (Visage Imaging, Berlin, Germany) for visualization and analysis. Bone mineral density (BMD) and bone volume/total volume (BV/TV) for each specimen were also calculated by using Amira software.
Systemic infusion of apoptotic bodies After using STS to induce culture-expanded MSCs to undergo apoptosis for 15 h, apoptotic bodies were isolated and purified. For in vivo apoptotic body infusion, 4 × 10 6 apoptotic bodies were suspended in 200 μL PBS and infused into MRL/lpr, Casp3 −/− , or OVX mice intravenously through the tail vein once a week. Four weeks after the treatment, mice were sacrificed for further analysis. For in vivo tracking of apoptotic bodies, PKH-67-labeled apoptotic bodies were infused into MRL/lpr or Casp3 −/− mice intravenously through the tail vein.
Immunofluorescent staining To detect the in vivo engulfment of apoptotic bodies, PKH67-labeled apoptotic bodies were infused into MRL/lpr or Casp3 −/− mice intravenously through the tail vein. At 24 h post-infusion, the femurs were fixed in 4% PFA and then decalcified with 5% EDTA, followed by embedding in OCT compound (Sakura Finetek, Torrance, CA, USA). Frozen sections were prepared and slides were stained with CD105, CD73 or CD44 antibodies, followed by secondary antibody staining. For detection of in vitro engulfment of apoptotic bodies, the MSCs were cultured on 4-well chamber slides (Nunc, Rochester, NY, USA) (2 × 10 3 /well) and treated with 4 × 10 6 PKH26 pre-labeled apoptotic bodies per 1 × 10 6 MSCs. The cells were then fixed with 4% paraformaldehyde. ActinGreen 488 Ready Probes Reagent (Life Technologies) was used for cytoskeleton staining. Finally, slides were mounted with Vectashield mounting medium containing DAPI.
Real-time polymerase chain reaction (PCR) Total RNA was isolated from the cultures using the miRNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. For realtime PCR of mRNA, the cDNA was synthesized using SuperScript III (Life Technologies). The real-time PCR was performed using SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) and gene-specific primers. The primers included Rnf146: forward, 5′GCTGAAGC-CAATGGAGATG-3′ and reverse, 5′-TCAGAGAAGGTGCAGTATTGG-3′; Gapdh: forward, 5′-CACCATGGAGAAGGCCGGGG-3′ and reverse, 5′-GACGGACACATTGGGGGTAG-3′; Bglap: forward, 5′-CTGACCTCA-CAGATGCCAAG-3′ and reverse, 5′-GTAGCGCCGGAGTCTGTTC-3′; Alp: forward, 5′-GGACAGGACACACACACACA-3′ and reverse, 5′-CAAACAGGAGAGCCACTTCA-3′. For real-time PCR of miRNA, the cDNA was synthesized using SuperScript III (Life Technologies). For real-time PCR of mature miRNA, cDNA was synthesized using the miScript II RT Kit (Qiagen). Real-time PCR was performed using the miScript SYBR Green PCR Kit (Qiagen). RUN6 was used as an endogenous control for MSCs. Real-time PCR was detected on a CFX96™ Real-Time PCR System (Bio-Rad).
RT
2 profiler PCR arrays The RT 2 Profiler PCR Array (PAMM-405Z) was purchased from Qiagen (Germantown, MD, USA) to examine the expression patterns of 84 genes involved in mouse stem cell identification, proliferation and differentiation. The manufacturer's instructions were strictly followed. Gene expression levels were analyzed using the web-based software RT 2 Profiler PCR Array Data Analysis. The P-values were calculated based on a Student's ttest of the replicate 2
−ΔΔCT values for each gene in the untreated group and the treated group. All data were normalized to an average of five housekeeping genes, Gusb, Hprt, Hsp90ab1, Gapdh, and Actb. Plasmids EGFP-RNF146 fusion protein expression plasmids (BC050795) (Origene, Rockville, MD, USA) were used. Empty plasmids with the same backbone were used as a control. The cells were transfected with plasmids using Lipofectamine LTX with Plus reagent (Life Technologies) according to the manufacturer's instruction.
siRNA knockdown siRNAs for RNF146, β-catenin, αvβ3, αvβ5 and FasL were used to treat MSCs according to the manufacturer's instructions (Santa Cruz Biotechnology). Non-targeting control siRNAs (Santa Cruz Biotechnology) were used as negative controls.
Calcein labeling assay For double calcein labeling histomorphometric analysis, calcein (Sigma, 15 mg/Kg body weight) prepared in 2% sodium bicarbonate solution was intraperitoneally injected at 10 days and 3 days before sacrifice. Bone dynamic histomorphometric analyses for BFR/BS were performed according to the standardized nomenclature for bone histomorphometry under a fluorescence microscope (Olympus IX71, Japan).
TRAP staining
De-paraffinized sections were re-fixed with a mixture of 50% ethanol and 50% acetone for 10 min, and then incubated in freshly made TRAP solution with 1.6% naphthol AS-BI phosphate in N,N-dimethylformamide, 0.14% fast red-violet LB diazonium salt, 0.097% tartaric acid, and 0.04% MgCl 2 in 0.2 M sodium acetate buffer at pH 5.0 for 10 min at 37°C under a shield. Samples were counterstained with toluidine blue. All reagents for TRAP staining were purchased from Sigma-Aldrich.
Osteoclast formation Bone marrow cells were flushed out of the tibiae and femora from 8-week-old mice, and 0.5 × 10 6 bone marrow cells were suspended in αMEM containing 15% heat-inactivated FBS, Lglutamine, penicillin and streptomycin and 20 ng/mL M-CSF in a 24-well plate for 48 h. The adherent cells were then collected and cultured with 20 ng/mL M-CSF and 50 ng/mL RANKL for additional 4 days.
Enzyme-linked Immunosorbent (ELISA) Assay Serum markers of bone turnover, including collagen X link-1 (CTX-1), tartrate-resistant acid phosphatase 5b (TRAP 5b), receptor activator of nuclear factor kappa-B ligand (RANKL), and osteoprotegerin (OPG), were measured with ELISA kits purchased from R&D Systems (Minneapolis, MN, USA) and IDS (Scottsdale, AZ, USA), according to the manufacturers' instructions.
MicroRNA mimic and inhibitor transfection. miR-22-3p, miR-328-3p, miR-124-3p, miR-148a-3p mimics, inhibitors and negative controls (Genecopia) were transfected into MSCs according to the manufacturer's instructions.
Parabiosis model
The mice to be joined in parabiosis were anaesthetized and shaved along the opposite lateral flanks. The excess hair was wiped off with an alcohol prep pad. After further disinfection with Betadine solution and 70% alcohol, identical incisions were made on the corresponding lateral aspects from the olecranon to the knee joint of each mouse. The olecranon and knee joints were each attached by a single 4-0 silk suture and tie, and the dorsal and ventral skins were sewed together with continuous 5-0 Vicryl suture. The mice were then kept on heating pads and continuously monitored until full recovery. Buprenorphine was used for analgesic treatment by subcutaneous injection every 8-12 h for 48 h after the operation.
Statistics
Comparisons between two groups were analyzed using independent unpaired two-tailed Student's t-tests, and comparisons between more than two groups were analyzed using one-way ANOVA with the Bonferroni adjustment. P values less than 0.05 were considered statistically significant.
